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12 Abstract: Anthocyanins, the naturally occurring pigments responsible for most red to blue colours
13 of flowers, fruits and vegetables, have also attracted interests because of their potential health
14 effects. With the aim of contributing to major insights into their structure-activity relationship
15 (SAR), we have evaluated the radical scavenging and biological activities of selected purified
16 anthocyanin samples (PASs) from various anthocyanin-rich plant materials: two fruits (mahaleb
17 cherry and blackcurrant) and two vegetables (black carrot and ‘Sun Black’ tomato). PASs from the
18 above-mentioned plant material have been evaluated for their antioxidant capacity, using TEAC
19 and ORAC assays. In human endothelial cells, we analysed the biological activity of different PASs
20 by measuring their effects on the expression of endothelial inflammatory markers, including

21 endothelial adhesion molecules VCAM-1 and ICAM-1. We demonstrated that all the different PASs
22 showed biological activity. They exhibited antioxidant capacity of different magnitude, higher for

23 samples containing non-acylated anthocyanins (typical for fruits) compared to samples containing
24 more complex anthocyanins acylated with cinnamic acid derivatives (typical for vegetables), even
25 though this order was slightly reversed when ORAC assay values were expressed on molar basis.
26 Concordantly, PASs containing non-acylated anthocyanins reduced the expression of endothelial
27 inflammatory antigens more than samples with aromatic acylated anthocyanins, suggesting the
28 potential beneficial effect of structurally diverse anthocyanins in cardiovascular protection.

29 Keywords: non-acylated anthocyanins; anthocyanins with aromatic acylation; SAR; mahaleb
30 cherry; blackcurrant; black carrot; ‘Sun Black’ tomato; VCAM-1; ICAM-1; endothelial adhesion
31 molecules

32

33

34 1. Introduction

35 Anthocyanins are naturally occurring pigments responsible for the red to dark-blue colours (in
36  some cases perceived as black by the human eye) of most flowers, fruits and vegetables, and
37  constitute a sub-class of flavonoids, within the broad class of polyphenols. They are characterized by
38  having, under acidic conditions, a common 2-phenylbenzopyrylium (flavylium) cationic aglycone
39  with various oxygen functions (anthocyanidin), which may occur on other equilibrium forms when
40  pH in their surroundings changes. Twenty anthocyanidins having a C15 skeleton without skeleton
41  extension are known to occur in plants, however, in nearly all fruits and vegetables only six of them
42 are present: pelargonidin, cyanidin, delphinidin, peonidin, petunidin and malvidin. Anthocyanins
43 are present in almost all plants as anthocyanidin glycosides. The sugar moieties (most often mono-,
44 di-, or tri-glycosides) can be further acylated with aliphatic and aromatic acids. More than 700
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45  natural anthocyanins have been identified [1,2], revealing the plasticity of their biosynthetic
46  pathway.

47 Over the last decades, a huge amount of research has been focused on the possible health effects
48  of anthocyanins, relatively to the consumption of fruit and vegetables containing these bioactive
49  phytochemicals [3-6] . Many of these health activities have been attributed to the intense antiradical
50  and antioxidant activity of anthocyanin. The relationship between anthocyanin chemical structure
51  and their corresponding chemical and biological activity (structure-activity relationship, SAR) is a
52 challenging area of research which has been tackled in several studies [7-12]. In these papers, the
53  chemical features of anthocyanins (type of aglycone, type of glycosylation, non-acylated
54 anthocyanins, acylated anthocyanins with aliphatic acids or with hydroxycinnamic acids) have been
55  putin the context of biological activity. Here follow some examples: The radical scavenging activity
56  of anthocyanins has been strongly related to their chemical structure, including the substituents on
57  the flavylium cation. The kind, position and number of hydroxyl/methoxyl groups, as an electron
58  donating structure, have been considered as pivotal features in relation to antioxidant activity of
59  anthocyanidins; the presence of 3’,4’-ortho-dihydroxyl groups in the flavylium B-ring [13] and a
60  3-hydroxyl in the C-ring [11], seem to represent important structural elements for anthocyanins in
61  suppressing oxidative stress. Acylation of a sugar moiety will on one side increase the in vitro and in
62  vivo chemical stability of the anthocyanin, however, on the other side change the ring orientation of
63  the molecule, which cause the hydrogen atom transfer from hydroxyl groups to unpaired electrons
64  difficult, making acylated anthocyanins less potent antioxidant that non-acylated ones [12].

65 So it has been shown that different anthocyanin structures (aromatic acylation versus
66  non-acylation, number and type of glycosylic moieties, as well as anthocyanidin nature) have
67  different stability, reactivity, and other properties, which influence their bioavailability, degradation
68  routes, and their ability to form various phase II metabolites [14]. When comparing the anthocyanin
69  sources of our diet, it is obvious that the anthocyanins of vegetables in general are considerably more
70 complex than those of the fruits: In vegetables, the proportion of simple anthocyanins without acyl
71 groups and just one or two monosaccharide units is 16%. The corresponding number in the fruits is
72 74%. Around 70% of the anthocyanins in vegetables have one or more aromatic acyl groups, while
73 only 11% of the anthocyanins in the fruits contains an aromatic acyl group [14].

74 Nowadays it is accepted that anthocyanins presence in fruits and vegetables is relevant, not
75  only for technological reasons and organoleptic properties, but also because of their potential
76 health-promoting effects, one of them being their implication on cardiovascular protection [4]. Data
77  from epidemiological studies have shown an inverse relationship between anthocyanin intake and
78 cardio-vascular risk prevention [15] and mortality [16]. Several clinical and experimental studies
79  with anthocyanins or anthocyanin-rich foods have demonstrated an improvement of vascular
80  function [17,18] and a decrease of atherosclerotic plaque development [19-21]. The initial steps of
81  atherosclerotic process consist of the recruitment and adhesion of circulating monocytes to
82  endothelial cells and subsequent trans-endothelial migration into the intima of vascular wall [22].
83  The adhesion of monocytes to endothelium involves the concerted expression on the surface of the
84  activated endothelium of adhesion molecules, such as vascular cell adhesion molecule-1 (VCAM-1)
85 and intercellular adhesion molecule-1 (ICAM-1) [23], two pivotal vascular inflammatory antigens;
86  therefore their inhibition by natural compounds could counteract the development of atherosclerotic
87  process and related sequelae of cardiovascular injuries.

88 Recent studies documented the ability of anthocyanins to abrogate the adhesion of human
89  monocytes to inflamed endothelial cells [24-26], however, the relationship between different
90  anthocyanin groupings and biological activities remain elusive.

91 With the aim of contributing to major insights into the challenging structure-activity
92 relationship (SAR) for anthocyanin compounds in nutraceutical context, we have evaluated the
93  radical scavenging and biological activities of selected purified anthocyanin samples (PASs) from
94 various plant materials. Since there exists a distinct difference between the anthocyanin content in
95  vegetables and fruits of our diet at least with respect to aromatic acylation and number of
96  monosaccharide units, we have chosen to compare the activity of PASs from two anthocyanin-rich
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97  fruit (mahaleb cherry and blackcurrant) and vegetable (black carrot and ‘Sun Black’ tomato) sources.
98  These samples contain anthocyanins representative for a typical anthocyanin-rich fruit and
99  vegetable diet.
100 The antioxidative capacities of different PASs, and the anti-inflammatory activity by measuring
101 the expression of endothelial adhesion molecule (VCAM-1 and ICAM-1), in human endothelial cells
102 under inflamed conditions, are reported in relation to the different chemical structures.

103 2. Results and Discussion

104 2.1. Anthocyanin composition of selected fruits and vegetables

105  Anthocyanins and other polyphenolic compounds were extracted from a) mahaleb cherry (Prunus
106  mahaleb L.), a marginal fruit crop producing cherry-like dark-purple drupes, rich in non-acylated
107  cyanidin 3-glycosides, b) blackcurrant (Ribes nigrum L.), a well-known berry with high amounts of
108  non-acylated cyanidin and delphinidin 3-glycosides, c) black carrot (Daucus carota L. ssp. sativus var.
109 atrorubens Alef.), an anthocyanin-rich carrot producing mostly cyanidin 3-glycosides acylated with
110 various cinnamic acid derivatives, and d) ‘Sun Black’ tomato, a new genotype of tomato
111 synthesizing anthocyanins in the peel, mainly petunidin and malvidin 3,5-diglycosides acylated
112 with p-coumaric acid (Table 1). The relative quantities of the individual anthocyanins in the various
113 plants are shown in Table 1, while the total anthocyanin contents of the purified samples are shown
114 in Table 2. Accordingly, four groupings of anthocyanins were tested, including two non-acylated
115  anthocyanidin 3-glycosides groupings from fruits (cyanidin-based or delphinidin-based) and two
116  anthocyanidin 3-glycosides groupings acylated with aromatic acyl groups from vegetables. The
117  structural differences of the two acylated anthocyanin groupings reside in the presence or absence of
118  methoxy groups on the anthocyanidin B-ring, in the glycoside type and position (3-glycoside versus
119  3,5-diglycoside) and the nature of the cinnamic acid involved (Fig. 1).

120


http://dx.doi.org/10.20944/preprints201712.0018.v1
http://dx.doi.org/10.3390/ijms19010169

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 December 2017 d0i:10.20944/preprints201712.0018.v1

40f18

OH
OH
+
HO o O
(L1 ."
Z OH (e}
OH
OH O,
OH OH
R R e} R, Ry o)

1 H xyl \R ’ 2 H H \R1
2 H H 4 rtha H
3 rha xyl 5 H OH
4 gtha H 6 rha OH

9,10, 11 "OHo 7 . oy OH
R, Rs \ (o}

. _

8 . ) HO

9 OCH; OCH; R;

10 OCH; H 12 H

11 H H 13 CH;

121

122 Figure 1. Anthocyanins in purified extracts of mahaleb cherry (1-4), blackcurrant (2, 4-6), black carrot
123 (7-11) and ‘Sun Black’ tomato (12, 13).
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124
125 Table 1. Relative anthocyanin proportions in purified extracts of mahaleb cherry, blackcurrant, black carrot and
126 ‘Sun Black” tomato.
Source %
Mahaleb cherry
cyanidin 3-(6-(rhamnosyl)glucoside) (4) 34.3
cyanidin 3-glucoside (2) 33.4
cyanidin 3-(6-(rhamnosyl)-2-(xylosyl)glucoside) (3) 21.3
cyanidin 3-(2-(xylosyl)glucoside) (1) 10.9
Blackcurrant
delphinidin 3-(6-(rhamnosyl)glucoside) (6) 56.1
cyanidin 3-(6-(rhamnosyl)glucoside) (4) 324
delphinidin 3-glucoside (5) 5.9
cyanidin 3-glucoside (2) 3.3
Black carrot
cyanidin 3-(6-(6-(feruloyl)glucosyl)-2-(xylosyl)galactoside) (10) 77.1
cyanidin 3-(6-(6-(sinapoyl)glucosyl)-2-(xylosyl)galactoside) (9) 9.9
cyanidin 3-(2-(xylosyl)galactoside) (8) 49
cyanidin 3-(6-(glucosyl)-2-(xylosyl)galactoside) (7) 4.8
cyanidin 3-(6-(6-(p-coumaroyl)glucosyl)-2-(xylosyl)galactoside) (11) 3.1
‘Sun Black’ tomato
petunidin 3-(6-(4-(E-p-coumaroyl)rhamnosyl)glucoside)-5-glucoside (petanin) (12) 56.6
malvidin 3-(6-(4-(E-p-coumaroyl)rhamnosyl)glucoside)-5-glucoside (13) 214
unknown 22.0
127
128  2.2. Antioxidative capacity of different anthocyanin groupings from selected fruits and vegetables
129 In this study, the radical scavenging activity of purified anthocyanin samples (PASs) from two

130 fruits (mahaleb cherry and blackcurrant) and two vegetables (black carrot and ‘Sun Black’ tomato)
131  have been compared in vitro by using two of the most commonly used methods (TEAC and ORAC),
132 which account for different mechanisms of action, as recommended by Niki [27].

133 Mabhaleb cherry PAS, which is rich in cyanidin 3-glucoside, cyanidin 3-rutinoside and other
134 cyanidin 3-glycosides, showed a TEAC value of 6.01 + 0.46 umol TE/mg PAS and a ORAC value of
135 15.32 + 1.73 pmol TE/mg PAS; on molar basis, the values were 3.44 + 0.31and 8.77 + 0.63 pmol
136 TE/umol PAS, respectively (Table 2).

137 Cyanidin 3-glucoside is the most widely distributed anthocyanin in edible fruits [28]. This
138  anthocyanin has attracted extensive research on its physicochemical behavior, biosynthesis, role in
139 food and health effects [29], and has also been considered as the most potent anthocyanins against
140  peroxyl radicals [30]. After administration of *C-labelled cyanidin 3-glucoside in humans, the
141  relative bioavailability was found to be around 12% on the basis of the total elimination of the
142 absorbed 3C dose via urine and breath [31]. This latter work suggested that anthocyanins are more
143 Dbioavailable than previously perceived, and their metabolites seem to be present in the circulation
144 for 48 h after ingestion. The same group prepared various cyanidin 3-glucoside metabolites, and
145  reported these metabolites to be active at physiological concentration to suppress inflammation in
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146  human vascular endothelial cells [32]. However, it has recently been reported that dietary
147  supplementation with mono- or di-glycosylated cyanidins (from blackberry or black raspberry) had
148  no effect on body weight, food intake, body composition and metabolic risk factors (fasting blood
149 glucose and insulin sensitivity) in high-fat diet-fed mice [33].

150 Blackcurrant PAS contained more delphinidin 3-glycosides (delphinidin 3-glucoside and
151  delphinidin 3-rutinoside) (62%), than cyanidin-glycosides (cyanidin 3-glucoside and cyanidin
152 3-rutinoside) (35.7%). This sample showed compared to mahaleb PAS, which only contain cyanidin
153 3-glycosides (Table 1), similar antioxidant capacity expressed as TEAC value (6.44 + 0.51 pmol
154  TE/mg PAS, or 3.89 + 0.32 umol TE/umol PAS) and an increased ORAC value (17.88 + 1.87 pmol
155  TE/mg PAS, or 11.02 + 0.62 umol TE/pumol PAS), particularly when expressed on molar basis (Table
156  2). These results indicate slightly higher antioxidant activity of delphinidin 3-glycosides in
157  comparison with analogous cyanidin 3-glycosides, when tested with ORAC assay. TEAC and ORAC
158  assays are based on different reaction mechanisms: electron transfer for TEAC and hydrogen atom
159  transfer for ORAC. Moreover, results from ORAC reflects more than just a radical scavenging
160  activity, being the only assay which combines both an inhibition time and a degree of inhibition,
161  ending in a complete reaction [30]. All together these features can be responsible for the different
162 values of antioxidant capacity assessed with different assays.

163 Delphinidin, having three hydroxyl-groups on the B-ring, has been shown to have the highest
164  antioxidant activity among the six most common anthocyanidins [7,11]. Previous studies have
165  revealed that delphinidin-type anthocyanins have shown higher biological activities compared to
166  cyanidin-type anthocyanins. When feeding mice with a 1% blackcurrant-diet, weight gain was
167  suppressed and glucose metabolism improved, and the effects were suggested to be exerted by
168  involvement of metabolites generated by enteric bacteria [34]. Moreover, since delphinidin
169  3-rutinoside (from blackcurrant) was demonstrated not to undergo substantial breakage into
170  degradation products inside the gastrointestinal tract, the biological activities (improvement of
171  insulin sensitivity) following its administration has been associated to this anthocyanin structure by
172 itself [35]. Therefore, the difference in biological activities of different anthocyanins have been
173 suggested to be related to their structure and their individual metabolism in the gut [33].

174 The purified anthocyanin samples from black carrot and ‘Sun Black’ tomato peel containing
175  mainly anthocyanins acylated with cinnamic acid derivatives, showed lower antioxidant activities
176  (except for ORAC expressed on molar basis) than the non-acylated anthocyanin groupings from the
177  fruits (Table 2). The black carrot PAS had a TEAC value of 2.53 + 0.59 umol TE/mg PAS (2.24 + 0.28
178  umol TE/umol PAS), and an ORAC value of 12.66 + 1.86 pmol TE/mg PAS (11.2 + 0.87 umolTE/pmol
179  PAS), while ‘Sun Black’ tomato peel PAS had a TEAC value of 1.30 + 0.13 pmol TE/mg PAS (1.26 +
180  0.22 pmolTE/umol PAS), and an ORAC value of 11.44 + 1.56 pmol TE/mg PAS (10.68 + 0.38
181 umolTE/umol PAS). The black carrot sample contains anthocyanins based on the same aglycone
182  (cyanidin) as the mahaleb cherry sample. Although the sugar moieties of the anthocyanins in the
183  two samples are different (Table 1), they are all linked to the cyanidin 3-position. Thus, the main
184  difference between the anthocyanin content of the two samples is the absence of aromatic acylation
185  of all the anthocyanins from mahaleb cherries. Accordingly, the 58% reduction of TEAC activity and
186  17.4% reduction of ORAC activity of the black carrot PAS relative to the mahaleb cherry PAS
187  indicate considerable impact of anthocyanin acylation with cinnamic acid derivatives on the
188  antioxidant activity of this type of anthocyanins. The statistically significant difference between the
189  two anthocyanin sources is still maintained also when the results are expressed on molar basis.
190  These results are also in accordance with other reports in the field [8,33]. However, when the
191  antioxidant activities of the two major anthocyanins from eggplant, delphinidin
192 3-rutinoside-5-glucoside and delphinidin 3-(6-(4-(E-p-coumaroyl)rhamnosyl)glucoside)-5-glucoside
193 (Nasunin), were measured by DPPH assay and linoleic acid radical scavenging activity assays, the
194  non-acylated anthocyanins showed lower activity than the acylated anthocyanin [36]. In some
195  studies, acylated anthocyanins from black carrot have shown less bioavailability compared to
196  non-acylated anthocyanins, probably due to their larger size and different polarity, which prevent
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197  their partition into the lipid bilayer or the interaction with bilitranslocase for the transport across the
198  gut epithelium [37,38].

199 The antioxidative capacity of ‘Sun Black” tomato anthocyanins compared to the other examined
200  anthocyanin sources ranks this source to have lowest capacity (except for ORAC expressed on molar
201  basis, due to the high molecular weight of petanin) among the different tested anthocyanin
202  groupings, particularly along the ABTS assay. ‘Sun Black’ tomato is a trademark protected tomato
203  line obtained at Tuscia University (Viterbo, Italy), characterized by a remarkable phenotype with
204  deep purple pigmentation in the epicarp, due to an increased level of anthocyanins on the peel. Such
205  line is a breeding product, and the anthocyanin pigments accumulate in the fruit epidermis and
206  underlying cell layers, particularly on the side much exposed to the sun, instead the flesh keeps the
207  same red tone as usual [39]. Even though the antioxidative capacity of petanin, the principal
208  anthocyanin found in PAS from ‘Sun Black’ tomato, resulted in somewhat lower antioxidative
209  capacity than the other sources, it must be considered that the anthocyanins in this source give
210  increased value to the total antioxidant capacity of this new tomato genotype, in comparison with
211  the bioactive compounds normally found in traditional tomatoes.

212 Acylated anthocyanins (from black carrot, red cabbage, red radish, red and blue potatoes, red
213 corn, etc.) are more suitable than their non-acylated analogues to be applied in food products with
214  pH ranging from acid to neutral and slightly alkaline, due to their higher resistance to colour fading
215  with increased pH [40]. To this list of vegetables providing acylated anthocyanins we can add ‘Sun
216  Black’ tomato. For several food products these ‘vegetable anthocyanins’ represent attractive
217  alternatives to the addition of synthetic colorants, even if it must be underlined the somewhat less
218  potent antioxidative and biological activities of anthocyanins acylated with cinnamic acid
219  derivatives in comparison with their non-acylated ones (Table 2).

220
221 Table 2. Anthocyanin content (TA) in purified anthocyanin samples (PASs) of mahaleb cherry,
222 blackcurrant, black carrot and ‘Sun Black” tomato (as dry weight, DW) and their antioxidant activity measured
223 in TEAC and ORAC assays.
224
TA TEAC TEAC ORAC ORAC
Source mg AntE®/g  umol TE/mg  pmol TE/ umol pmol TE/ mg pmol TE/ umol
DW PAS PAS PAS PAS
Mahaleb 385+1.50a 6.01+0.46a 344+031a 1532+1.73ab 877 +0.63b
cherry
Blackcurrant 322+£2330b 644+051a 3.89+£032a 17.88+1.87a 11.02+0.62 4
Black carrot 12.1+048 ¢ 2.53+0.59b 2.24+028b 12.66 +1.86 b 11.20+0.87 a
‘Sun Black’ 49+0.264d 1.30+0.13 ¢ 126+0.22¢ 11.44+156b 10.68 +0.38 a
tomato
Significance! e *R% *R% *% *%
225 ° AntE means anthocyanin equivalent
226 1**% and ** significant at P < 0.001 and 0.01, respectively. For each parameter, the same letters in the same
227 column indicate that mean values are not significantly different (P = 0.05).

228
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229 2.3. Vascular anti-inflammatory properties of selected anthocyanin groupings in endothelial cells

230 The vascular protective effects of different anthocyanin groupings from pigment-rich fruits
231 (mahaleb cherry and blackcurrant) and vegetables (black carrot and ‘Sun Black” tomato) were
232 analysed by using a model of vascular inflammation, represented by cultured human microvascular
233 endothelial cells-1 (HMEC-1) challenged with the pro-inflammatory cytokine, tumour necrosis
234 factor-o (TNF-o). In this model, the anti-inflammatory properties of different PASs were evaluated
235 by measuring the TNF-o-stimulated expression of endothelial adhesion molecules, VCAM-1 and
236  ICAM-1. In endothelial cells, the treatment with TNF-o. heavily induced the cell surface expression
237  of VCAM-1 and ICAM-1 (Figure 2). We found that the pre-exposure of endothelial cells with all the
238  various PASs displayed anti-inflammatory properties by inhibiting the TNF-o-induced VCAM-1
239  and ICAM-1 expression, although their activities were scaled differently (Figure 2). PASs from
240  mahaleb cherry and blackcurrant, containing non-acylated anthocyanins (Table 1), were shown to be
241  the most effective. They significantly reduced the TNF-o stimulated expression of VCAM-1 in a
242 concentration dependent manner (Figure 2A), with 10 pug/mL as the lowest significant concentration
243 for both PASs. Similarly to VCAM-1, the exposure of endothelial cells to mahaleb cherry and
244 blackcurrant PASs inhibited the TNF-o-induced expression of ICAM-1, although to a lesser degree,
245 with 25 ug/mL as the lowest effective concentration (Figure 2B). Thus, PASs from mahaleb and
246  blackcurrant exhibited similar vascular anti-inflammatory effects, despite their partly different
247  anthocyanin composition. Indeed, mahaleb cherry PAS contained mainly cyanidin 3-rutinoside
248  (about 34%) and cyanidin 3-glucoside (about 33%), while blackcurrant PAS contained delphinidin
249  3-rutinoside (about 56%) and cyanidin 3-rutinoside (about 32%), as major anthocyanins (Table 1).
250  Previous studies have shown vascular anti-inflammatory properties for either cyanidin 3-glycoside
251  or delphinidin 3-glycosides, reporting their ability to decrease the expression of VCAM-1 and
252 ICAM-1 in endothelial cells challenged with several oxidant and inflammatory triggers [32,41,42]. In
253 accordance with the reduced expression of endothelial adhesion molecules, anthocyanins were also
254  able to reduce the adhesion of monocyte to TNF-o-activated endothelial cells at physiologically
255  relevant concentrations, with delphinidin 3-glucoside as the most efficient [43]. The
256  anti-inflammatory effects of anthocyanins have been shown also by their gut metabolites [43],
257  highlighting beneficial properties of both native and metabolized forms.

258 Moreover, the present findings confirm our previous study about the ability of mahaleb cherry
259  extract to decrease the stimulated expression of endothelial adhesion molecules [44], and highlight
260  that the mahaleb fraction responsible for anti-inflammatory activity is represented by its
261  anthocyanin enriched content.

262 In addition, we analysed the anti-inflammatory properties of samples containing mainly
263  anthocyanins acylated with cinnamic acid derivatives, from both black carrot and ‘Sun Black’ tomato
264  peel. PAS from black carrot efficiently reduced the TNF-o-induced VCAM-1 expression in a
265  concentration dependent manner, with 25 pig/mL as the lowest effective concentration (Figure 2A).
266  Anthocyanins from ‘Sun Black’ tomato inhibited TNF-o-induced VCAM-1 expression significantly
267  only at 50 ug/mL (Figure 2A). In TNF-a stimulated HMEC-1, black carrot PAS was also able to
268  inhibit ICAM-1 expression but only at the highest concentration (50 Lg/mL); ‘Sun Black’ tomato PAS
269  showed a tendency to reduce ICAM-1, however, the inhibitory effect was not statistically significant
270  (Figure 2B).

271 Overall, all tested PASs were able to decrease (although to a different degree) the stimulated
272 endothelial adhesion molecules expression, without affecting neither the expression of the
273  constitutive endothelial surface antigen E1/1 nor endothelial cell vitality, as determined by cell
274  count, and Trypan blue exclusion (data not shown).

275 Our findings showed that anthocyanins acylated with cinnamic acid derivatives exhibited a
276  certain degree of anti-inflammatory activity, with lesser efficacy than non-acylated ones. Indeed,
277  when comparing the activity of PASs from mahaleb cherry and black carrot, containing
278  anthocyanins based on the same aglycone (cyanidin) the non-acylated anthocyanins from mahaleb
279  cherry were the most effective in the reduction of the endothelial expression of inflammatory
280  antigens: Mahaleb cherry PAS was effective at concentrations of 10 pug/mL for VCAM-1 and 25
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281  ug/mL for ICAM-1, respectively, while black carrot PAS was effective at 25 pg/mL for VCAM-1 and
282 50 pug/mL for ICAM-1, respectively.

283 The differences in biological properties observed for the non-acylated and acylated
284  anthocyanins were related to the antioxidant activity of their respective PASs, being the
285  non-acylated anthocyanins in the mahaleb cherry and blackcurrant samples having the most
286  effective activity, followed by the anthocyanins acylated with cinnamic acid derivatives in the black
287  carrot and lastly ‘Sun Black’ tomato samples. Notably, in this study we analysed the biological
288  activities of different PASs by referring to the dry weight of each extract (ug of PAS in mL of
289  medium, Figure 2). Comparing different PASs at the same concentration expressed as ug/mL (Table
290  3), the anthocyanins with acylation had less molar concentration than the non-acylated
291  anthocyanins, because of higher molecular weight, which might partially explain their minor
292 efficacy. Anyway, our results regarding the endothelial anti-inflammatory effect of anthocyanins
293  with aromatic acylation from vegetables were supported by the in vivo study showing that purple
294  sweet potato anthocyanins suppressed the development of atherosclerotic lesions and enhancements
295 of oxidative stress and soluble VCAM-1 in an animal model of atherosclerosis [45].
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299 Figure 2. Inhibitory effects of PASs from mahaleb cherry, blackcurrant, black carrot and ‘Sun Black’ tomato on
300 the expression of endothelial adhesion molecules. Endothelial cells were pre-treated with PASs at different
301 concentrations (1, 10, 25 and 50 pg/mL) or vehicle (control) for 24 h and then stimulated with TNF-a (10 ng/mL)
302  for 16 h. Cell surface expression of VCAM-1 (A) and ICAM-1 (B) was analysed by cell-surface enzyme
303 immunoassay (EIA). Each experiment was performed in triplicate. Data are expressed as the percentage of
304 TNF-o induced expression (mean + S.D.). /p < 0.01 vs control; *p <0.05, **p < 0.01 vs TNF-o alone.

305

306


http://dx.doi.org/10.20944/preprints201712.0018.v1
http://dx.doi.org/10.3390/ijms19010169

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 December 2017 d0i:10.20944/preprints201712.0018.v1

10 of 18
307 Table 3. Molar concentration (umol/L) of purified anthocyanin samples (PAS) used in cell culture
308 experiments.
309
PAS pmol/L
Mahaleb
1.7 17.5 43.6 87.3
cherry
Blackcurrant
1.6 16.2 40.5 81.1
Black carrot
1.1 11.3 28.2 56.5
‘Sun Black’
1.1 10.7 26.8 53.5
tomato
pug/mL 1 10 25 50

310

311  Overall, our findings show that anthocyanins may play a positive role in the context of
312 cardiovascular health due to their anti-inflammatory and anti-atherosclerotic effects. However,
313 comparative analyses suggested that the anthocyanin nature affected the protective action, with
314  non-acylated anthocyanins having greater inhibitory effect on TNF-o-induced expression of
315 VCAM-1 and ICAM-1 in endothelial cells than anthocyanins acylated with cinnamic acid
316  derivatives. These findings could be useful for food valorisation and the development of
317  anthocyanin-rich functional foods.

318

319  3.Materials and Methods
320  3.1. Standards and chemical reagents

321 Reagents were purchased from various suppliers as follows: authentic standards of kuromanin
322 chloride (cyanidin 3-O-glucoside chloride), keracyanin chloride (cyanidin 3-O-rutinoside chloride),
323  myrtillin chloride (delphinidin 3-O-glucoside chloride), delphinidin 3-O-rutinoside chloride,
324  p-coumaric acid, chlorogenic acid (3-caffeoylquinic acid), rutin (quercetin 3-O-rutinoside), and
325  isoquercitrin  (quercetin  3-O-glucoside)  (Extrasynthése,  Genay,  France);  Trolox
326  [(S)-(-)-6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid], FL (fluorescein disodium), ABTS
327 2, 2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)], AAPH [2,2’-azobis
328  (2-methyl-propionamidine dihydrochloride], as well as acetonitrile (HPLC grade), ethanol,
329  methanol, formic acid (Sigma-Aldrich, St. Louis, MO, USA). In all experiments Milli-Q (Merck
330  Millipore, Darmstadt, Germany) water was used.

331 Petunidin  3-(6-(4-(E-p-coumaroyl)rhamnosyl)glucoside)-5-glucoside ~ (Petanin) (12) and
332  malvidin 3-(6-(4-(E-p-coumaroyl)rhamnosyl)glucoside)-5-glucoside (Negretein) (13) were isolated
333 from blue potatoes (Solanum tuberosum cv. Congo and S. tuberosum cv. Vitelotte noire, respectively):
334  Diced and frozen potatoes were extracted three times with acidified methanol (0.5% TFA), and the
335  combined filtered extract was purified using partition against ethyl acetate followed by Amberlite
336  XAD-7 column chromatography. Petanin and Negretein were isolated from their respective purified
337  extracts using Sephadex LH-20 column chromatography and preparative HPLC. Their structures
338  were elucidated by 1D and 2D NMR and high-resolution MS.

339

340  3.2. Plant material, preparation of purified anthocyanin samples (PASs) and anthocyanin identification

341 All fruits and vegetables were harvested at their ripened stage. Extractions from respectively
342  mahaleb cherry (Prunus mahaleb L.), blackcurrant (Ribes nigrum ), black carrot (Daucus carota L. ssp.
343 sativus var. atrorubens Alef.) and ‘Sun Black’ tomato (Solanum lycopersicum L.) peel were done from


http://dx.doi.org/10.20944/preprints201712.0018.v1
http://dx.doi.org/10.3390/ijms19010169

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 December 2017 d0i:10.20944/preprints201712.0018.v1

11 0f 18

344 500 mg dry weight (DW) plant material, macerated with 50 mL extraction solvent (35 % methanol +
345  35% ethanol + 28% water + 2% formic acid), at 4°C, over-night. After centrifugation of the slurry (10
346  min at 2000 g), the supernatant was collected. Further 50 mL of extraction solvent was added to the
347  pellet, and the extraction was repeated on a rotary shaker for one hour. Pooled supernatants were
348  evaporated in vacuo at 32°C using a R-205 Biichi rotavapor (Biichi Labortechnik AG, Switzerland)
349  and re-suspended in acidified water (0.5% formic acid). This crude extract (CE) was purified by
350  solid-phase extraction, using C-18 cartridge solid phase extraction (SPE) (STRATA C-18E,
351 Phenomenex, Torrance, CA, USA). Firstly, washing with acidified water (0.5% formic acid) removed
352 water-soluble compounds, and secondly, a mixture of water:ethyl acetate:methanol (35:45:20)
353 removed non-anthocyanin polyphenols, and finally methanol:water:formic acid (40:59.5:0.5) eluted
354  the purified anthocyanins. The respective purified anthocyanin samples (PASs) were concentrated in
355  wvacuo at 34°C, and characterized by HPLC (Figure 3). The respective CEs were also filtered through a
356 045 pm CA syringe filter (Filtres Fioroni, France), portioned and stored at -20 °C before HPLC
357  analysis (Figure 3).
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Figure 3. HPLC chromatograms of crude extracts (CE) and purified anthocyanin samples (PASs) of mahaleb
cherry, blackcurrant and black carrot, detected at A = 520 nm (red line) and 280 nm (blue line). See Table 1 for
identities.

The individual anthocyanins in the respective PASs (Table 1 and Figure 1) were identified by a
combination of co-chromatography (diode-array detection (DAD) during HPLC) with authentic
standards and comparison with literature: mahaleb cherry [46], blackcurrant [47] and black carrot
[48]. The two main anthocyanins in ‘Sun Black’ tomato peels were identified to be petanin (12) [49]
and negretein (13) [50] by using DAD-HPLC and high-resolution LC-MS in comparisons with
authentic standards.
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372 3.3 Quantification of anthocyanin content

373 The relative quantities of the individual anthocyanins in the PASs were established by
374  integration of HPLC peaks detected at A =520 + 20 nm. The total anthocyanin content of the CEs as
375  well as PASs were quantified by HPLC, using a standard curve based on the main anthocyanin in
376 the sample (if commercially available) or, in case of black carrot and ‘Sun Black’ tomato PASs, based
377  on the cyanidin 3-glucoside standard. The amounts of each anthocyanin calculated as an external
378  standard equivalent were then multiplied by a molecular-weight correction factor [51].

379

380  3.4. Antioxidant activity assays

381 The anthocyanin content of the PASs was normalized to 60 ug/mL, and tested at suitable
382  dilutions. The antioxidant capacity of the PASs was measured using the ABTS (TEAC) and the
383  ORAC assays as described by Gerardi et al. (2015) [52], and expressed as a function of the Trolox
384  reference standard (umol Trolox equivalents (TE)/g of DW). A rapid microplate methodology, using
385 a microplate reader (Infinite M-200, Tecan Group Ltd, Madnnedorf, Switzerland) and 96-well plates
386  (Costar, 96-well clear round bottom plate, Corning) was applied. All experiments were performed in
387  triplicate, and at least two independent assays were performed for each sample. The activity were
388  also calculated at a molar basis using a weighted average of the molar weights of the pigments in
389  each PAS and the identified relative quantities (assuming the unidentified portion is similar to the
390  average).

391

392 3.5 Cell culture and treatments

393 The human microvascular endothelial cell line (HMEC-1), obtained from Dr. Thomas ]. Lawley,
394  was cultured as previously described [53]. Before treatment, confluent cells were shifted to media
395  containing 4% foetal bovine serum, and incubated in the absence (vehicle) or presence of PASs at
396  different concentrations (final concentrations of 1, 10, 25 and 50 pug/mL cell culture medium) for 24
397  hours, and then stimulated with TNF-o (10 ng/mL) for additional 16 hours. The effects of vehicle
398  control or different PASs on cell viability were evaluated through a variety of techniques, including
399  cell count and Trypan blue exclusion. In preliminary experiments aimed at evaluating
400  phytochemical toxicity, treatment of HMEC-1 with up to 50 pg/mL PAS for 24 h did not produce any
401  sign of toxicity (data not shown).

402

403 3.6 Detection of endothelial cell molecules

404 Endothelial surface expression of VCAM-1 and ICAM-1 was assayed by employing a cell
405  surface enzyme immunoassay (EIA), using primary mouse anti-human monoclonal antibodies
406  against VCAM-1 (Millipore) and ICAM-1 (HU5/3), or the monoclonal antibody against the
407  non-cytokine-inducible and constitutive endothelial cell antigen E1/1, as previously described [54].

408
409 3.7 Statistical analysis

410 Values were expressed as mean + S.D. Differences between two groups were determined by
411  unpaired Student’s t test. Multiple comparisons were performed by one or two way analysis of
412 variance (ANOVA), and individual differences then tested by the Fisher’s protected least-significant
413 difference test after the demonstration of significant inter-group differences by ANOVA.

414 5. Conclusions

415 In the present study we demonstrated that purified anthocyanin samples from four plant
416  sources (mahaleb cherry, blackcurrant, black carrot and ‘Sun Black’ tomato) containing structurally
417  different anthocyanins, were biologically active. They all exhibited antioxidant capacity; highest for
418  samples containing non-acylated anthocyanins versus samples containing anthocyanins with
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419  aromatic acylation even though this order was reversed when ORAC assay values were expressed
420  on molar basis. These purified anthocyanin samples were also able to reduce the expression of
421  endothelial inflammatory antigens, suggesting their potential beneficial effect in cardiovascular
422 protection. When compared, the vascular anti-inflammatory capacity of non-acylated anthocyanins
423  was higher than similar capacity of anthocyanins acylated with cinnamic acid derivatives in
424  accordance with their corresponding antioxidant activity. Future studies might better clarify the
425  underlying mechanisms of structurally different anthocyanins related to vascular health.
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PAS Purified Anthocyanin Sample

TEAC Trolox Equivalent Antioxidant Capacity
ORAC Oxygen Radical Antioxidant Capacity
VCAM-1  Vascular Cell Adhesion Molecule-1
ICAM-1 InterCellular Adhesion Molecule-1
HMEC-1  Human Microvascular Endothelial Cell-1
TNF-a Tumour Necrosis Factor-o.

EIA Cell-surface Enzyme ImmunoAssay
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